Modern Nb 3 Sn strands can now exceed 3000 A mm −2 critical current density J c at 4.2 K and 12 T within the non-copper area. However, the aggressive reaction used to achieve this performance causes the Nb 3 Sn filaments to coalesce into a single large, continuous ring of superconductor, and also allows tin to penetrate through diffusion barriers and alloy with the copper stabilizer. This results in a lack of adiabatic stability, due to the combination of high J c and large superconductor diameter, and a strong reduction of dynamic stability, due to the reduction of the copper's thermal conductivity. Under these circumstances, flux jumps at low fields are inevitable, and the associated heat release could propagate along the conductor in a quench. In magnets, this means that quenches could be initiated in low-field regions at currents well below the designed operating current. We show that by limiting the final reaction duration, it is possible to keep the quench current density above J c , thus ensuring flux-jump recovery along the entire magnet load line. For the example studied, keeping the residual resistivity ratio above ∼20 ensures safe operation. This was achieved for final reactions of 40 h or less, instead of the typical 72-200 h. Surprisingly, the performance penalty was small: a 24 h final reaction reached >90% of the highest J c obtained. Energy-dispersive spectroscopy in a SEM did not reveal any detectable tin in the copper for stable strands, but in unstable strands as much as 4% Sn was found in the copper between sub-elements, suggesting that the contamination is rather local. The thermal conductivity of the stabilizer should then vary strongly with distance from the sub-element pack to the strand perimeter, complicating stability analyses.
However, improvement in the critical current density has come at the expense of stability. This has limited progress along the frontier of high-field magnet research because lack of stability in strands caused magnets to quench at fields well below their targets [5, 6] . This is not a new problem [7, 8] . Two primary factors contribute to the lack of stability:
(1) the effective diameter of the superconducting pathway is often larger than ∼100 µm; and (2) the thermal conductivity of the copper stabilizer is reduced by contamination.
Moreover, these factors appear to be innate to the internal-tin conductor design [2, 9] , upon which the present state of the art is based. It is thus imperative for continued magnet progress to solve these problems at the strand level. A generic feature of the internal tin process is a central core of tin that reacts with a surrounding arrangement of alloyed niobium filaments. It is important to realize that the achievement of high non-copper J c has come mostly from maximizing the Nb 3 Sn area, and to a lesser degree from improving the superconductor itself. This usually means that the Nb 3 Sn formation reaction is driven for long periods of time (72-200 h) at moderately high temperatures (650-700
• C). During such reactions the filaments coalesce into a solid mass and substantial reaction of a surrounding Nb diffusion barrier occurs, thus producing the large effective diameter of the Nb 3 Sn. In places where the diffusion barrier has thinned, the reaction penetrates through to the copper on the other side, allowing tin to alloy with the copper. Fickett [10] showed that tin is very potent for reducing the electrical conductivity of copper. Thermal conductivity is then reduced according to the Wiedemann-Franz law.
Our experiment suggests that the present heat treatment schedule is excessive from the point of view of strand stability. Reducing the length of the final heat treatment prevents copper poisoning, as assessed by the residual resistivity ratio (RRR) of the strands. By applying measurement techniques used three decades ago [11] , we then show that this restores enough dynamic stability to the strand to get around the lack of adiabatic stability due to the coalesced filaments. In fact, J c can still be ∼90% of the highest value obtained while keeping the RRR high, and this occurs for reactions as short as 24 h. This combination of good performance, dynamic stability, and short reaction time are highly desirable for magnet production. We applied final reactions of varying length to a restackedrod process (RRP) strand obtained from Oxford InstrumentsSuperconducting Technology in Carteret, NJ. A diagram of the different temperature-time schedules and the sample identification is given in figure 1 , along with an overview of the strand cross-section. The different experimental samples A through E received final reactions from 24 to 96 h at 665
• C, respectively, and were shorter than that given to control sample F, which received the full 150 h final reaction. This information is summarized in table 1. This scheme was suggested by the manufacturer as a way to prevent tin penetration through the barrier, but the cost to J c was not known. The changes in volume during reaction increased the wire diameter from nominally 0.70 mm in the as-received state to 0.72 mm after reaction. The copper stabilizer area fraction was determined by weighing a known length of sample before and after etching the copper completely away.
Critical current I c measurements were made using a facility described elsewhere [12] . The transport critical current, determined at a resistivity criterion of 10 −14 m applied to the measured wire cross-section area, ranged from 500 to 1000 A at fields of ∼8 up to 11.5 T in a liquid helium bath. It is interesting to note that with increasing reaction times the voltage at which quenching occurred decreased, eventually falling below the I c criterion. For example, figure 2 shows the voltage-current (V -I ) curves for the samples at 11.5 T.
When the sample quenched before reaching the criterion, I c was extrapolated from a power-law fit to the data. The residual resistance of the wire at 20 K was measured using a separate fixture made out of G-10 fibreglass epoxy. The voltage across a 5 cm section was measured using a current density of 10 A mm −2 at room temperature and just above the superconducting transition (about 20 K). The RRR was then defined by taking the ratio of the resistance at room temperature and this residual resistance.
The quench behaviour at high field is different in origin than that below about 2 T. At high field, the magnetic energy contained in the critical state is lower than the heat capacity, and quenching occurs due to heat generated by flux motion when the current approaches I c . Since the resistivity criterion used here lies well above the detectable onset of voltage due to flux motion and heat generation, it is likely that the generation of local hot spots triggers the quench [13] . At low field, however, the energy contained in the critical state can exceed the heat capacity, a condition that is not adiabatically stable. In this case, small disturbances can trigger massive collapse of the critical state and quenching. However, the particular current and field history of the sample will alter the critical-state profile and, accordingly, the threshold for quenching.
To probe the low-field instability regime, field-sweep measurements were made by applying a constant current and ramping the field over 0-4 T [11] . Details of these measurements were presented in [14] . This is analogous to a dc magnetization measurement with finite transport current. Care was taken to manage the thermal and magnetic history such that a complete critical state was built up prior to applying the current and then making any measurements. The field ramp rate was on the order of 5 mT s −1 , comparable to the ramp rates of R&D magnets. While monitoring the voltage during the field ramp, it was observed that high current levels produced voltage spikes that did not recover, while lower current levels produced voltage spikes that returned to normal almost instantly. These different behaviours were interpreted as being associated with thermal runaway (quenching) at high currents and thermal recovery at low currents following a flux jump. The current density J s that divided these regimes was therefore associated with a stability threshold. A summary of our results is given in figure 3 . This figure shows how the RRR, J c , and J s evolve as a function of the final reaction time. Note that the J c values are determined using the wire diameter prior to heat treatment (as is used throughout the literature). The most striking feature is the rapid falloff of both the RRR and J s between 24 and 48 h, which is in sharp contrast to the gradual rise and then fall of J c with reaction time. Extrapolating between the data points, it appears that the stability current density falls below J c at just over 40 h. This means that long reaction times produce magnet strands that are in danger of quenching in low-field zones as the operating current rises toward the critical current. In contrast, below 40 h all regions of a magnet are stable against quenching for all operating currents.
Another central feature of figure 3 is the sharp drop in the RRR that precedes the drop in J s . This reflects the well-known fact that the general stability against quenching is related to the purity of the copper [11] . Evidently, for this strand design, which has about 50% copper in the cross-section area, the quench threshold current falls below the critical current when the RRR falls below ∼20. According to Fickett [10] , even as little as 0.1% Sn can cause this reduction.
It is remarkable that the J c extrapolated to 3 12 T for reaction A, 2764 A mm −2 , is nearly as high as the maximum value for reaction D, 2988 A mm −2 . This clearly indicates that J c values >90% of the highest values can be obtained without contaminating the copper.
To explore whether detectable levels of tin could be found in the copper stabilizer, strand cross-sections were polished and examined using scanning electron microscopy. Energydispersive x-ray spectroscopy (EDX) spectra were acquired for 300 s at the locations labelled 1 through 8 in figure 1 , using a 17 kV accelerating voltage. The limit of Sn detection is about 0.5% for these parameters. These measurements are summarized in table 2. Notice that, for samples C to F, these EDX measurements indicate much more tin at locations 2 through 7 than would be necessary to reduce the RRR below the critical value of 20. These samples also exhibited regions where the Nb 3 Sn reaction had penetrated through the barrier, as revealed by backscattered electron imaging.
For comparison, sample A did not contain any regions with detectable tin, and also did not exhibit any locations where the diffusion barrier was completely penetrated. The tin content generally diminishes with increasing radius from the strand axis, suggesting a concentration of sources near the inner subelements. Reaction F was apparently sufficient to allow a detectable amount of tin to diffuse into the central copper area. Although the separation of sub-elements near regions 2-7 is approximately 10 µm, we did not detect any trace of Nb in these EDX measurements.
The EDX measurements indicate that gross copper poisoning is locally distributed near the sub-elements (regions 2 through 7) in strands reacted beyond 24 h. Since this should produce a reduction of the thermal conductivity by 1-2 orders of magnitude, it may be valid to approximate these strands as being composed of a single annulus with poor thermal conductivity embedded in copper. In that case, the ratio of perimeter P to area A of the annulus determines whether heat can be transported radially outward to the coolant bath or propagates along the strand in a quench. However, since this is a factor of ∼10 lower than P/ A for an individual subelement embedded in clean copper, as for strand A, the change of length scale alone could drive the onset of instability.
To confirm that these changes were indeed dynamic and not adiabatic in nature, dc magnetization measurements were compared for the same field cycle and field steps using a commercial SQUID magnetometer. This revealed no striking differences in the flux-jump behaviour between samples A-F, after normalizing for changes in the amount of Nb 3 Sn area. Since the magnetometer probes the loss of induced current in small (∼6 mm long) samples, it is sensitive to the adiabatic conditions only and cannot discern the momentary temperature rise due to the energy released during a flux jump. Based on these measurements, it can be concluded that a similar lack of adiabatic stability existed for the entire range of samples. Any differences in critical current stability, therefore, must come from differences in dynamic stability. The magnetic measurements are consistent with having the same length scale for the magnetization current loop, which is set by the subelement diameter because the diffusion barrier is partially reacted to form superconductor in all cases.
Thus, the entirety of the data lead us to conclude that a primary cause of strand instabilities in high-field Nb 3 Sn magnets is over-reaction and loss of thermal conductivity in the copper. We base this conclusion on the steep drop in the value of the RRR that precedes the drop in quench threshold current as a function of reaction time. For the particular strand examined, the quench threshold current fell below the critical current of the strand for reactions longer than about 40 h. This crossover between quench and critical currents means that magnets made with over-reacted strands may not recover from quenches initiated in their low-field regions. Such quenches are inevitable due to the lack of adiabatic stability inherent to high-J c internal-tin strand designs. By maintaining high thermal conductivity of the copper stabilizer, the heat generated by flux jumps can be transferred to the coolant bath, enabling magnet operation.
